Mammary myoepithelial cells are specialized smooth musclelike epithelial cells that express the smooth muscle actin isoform: smooth muscle alpha-actin (ACTA2). These cells contract in response to oxytocin to generate the contractile force required for milk ejection during lactation. It is believed that ACTA2 contributes to myoepithelial contractile force generation; however, this hypothesis has not been directly tested. To evaluate the contribution of ACTA2 to mammary myoepithelial cell contraction, Acta2 null mice were utilized and milk ejection and myoepithelial cell contractile force generation were evaluated. Pups suckling on Acta2 null dams had a significant reduction in weight gain starting immediately postbirth. Crossfostering demonstrated the lactation defect is with the Acta2 null dams. Carmine alum whole mounts and conventional histology revealed no underlying structural defects in Acta2 null mammary glands that could account for the lactation defect. In addition, myoepithelial cell formation and organization appeared normal in Acta2 null lactating mammary glands as evaluated using an Acta2 promoter-GFP transgene or phalloidin staining to visualize myoepithelial cells. However, mammary myoepithelial cell contraction in response to oxytocin was significantly reduced in isolated Acta2 null lactating mammary glands and in in vivo studies using Acta2 null lactating dams. These results demonstrate that lack of ACTA2 expression impairs mammary myoepithelial cell contraction and milk ejection and suggests that ACTA2 expression in mammary myoepithelial cells has the functional consequence of enhancing contractile force generation required for milk ejection.
INTRODUCTION
Mammary myoepithelial cells are contractile epithelial cells that express smooth muscle a-actin (ACTA2) [1, 2] . The primary function of mammary myoepithelial cells is to contract in response to oxytocin released by the hypothalamus upon suckling by pups during lactation [3] . Myoepithelial cell contraction reduces the diameter of the alveolar lumen, resulting in milk ejection, which is the transfer of milk through the ductules toward the teats to provide pups with milk. The contraction of myoepithelial cells in response to oxytocin is essential because mice lacking oxytocin are unable to nurse their offspring [4, 5] . While it is clear that contraction of myoepithelial cells is necessary for milk ejection during lactation, the role of ACTA2 in promoting myoepithelial cell contraction is not known.
There are six actin isoforms: two ubiquitous cytoplasmic actins, b-and c-actin found in all epithelial and mesenchymal cells, and four muscle actins, ACTA2, smooth muscle c-actin, skeletal muscle a-actin, and cardiac muscle a-actin. Typically nonmuscle cells, such as epithelial cells and fibroblasts, express only the b-and c-cytoplasmic actin isoforms. These cytoplasmic actin isoforms can assemble into contractile structures in nonmuscle cells, termed stress fibers, to generate contractile force [6, 7] . Nonmuscle cells such as myoepithelial cells and myofibroblasts are highly contractile and express ACTA2 in addition to the cytoplasmic actin isoforms. Previous studies have demonstrated that increased ACTA2 expression in fibroblasts will enhance their ability to generate contractile force [8] , while either decreasing ACTA2 expression with antisense mRNA [9] or disassembling ACTA2 from stress fibers with a synthetic peptide homologous to the amino-terminal end of ACTA2 [10] reduces myofibroblast force generation. These studies suggest that increased expression of ACTA2 in fibroblasts results in increased contractile force generation. Based upon these studies, it has been proposed that ACTA2 expression in myoepithelial cells plays a role in generation of contractile force required for milk ejection; however, no study has directly tested this hypothesis.
In addition to ACTA2, myoepithelial cells express other smooth muscle-specific contractile proteins, including smooth muscle myosin heavy chain (MYH11), calponin 1 (CNN1), and tropomyosin 2 (TPM2) [2, 11] . Recently it has been demonstrated that mice lacking the transcription factor myocardin-related transcription factor-A (MRTF-A; official symbol Mkl1, megakaryoblastic leukemia 1, or Mal, megakaryocytic acute leukemia) are unable to effectively nurse their offspring due to a failure in maintenance of the differentiated state of mammary myoepithelial cells during lactation [11, 12] . MKL1 is a member of a three-protein family that includes MRTF-B (official symbol MKL2) and myocardin. These myocardin/MRTF proteins serve as serum response factor (SRF) coactivators that bind to SRF and strongly activate SRF target genes [13] . Recent studies have demonstrated that MKL/ SRF in nonmuscle cells can activate early response genes as well as smooth muscle contractile genes [14, 15] . Myoepithelial cells in Mkl1 null mice have decreased expression of Acta2, Myh11, Cnn1, and Tpm2 along with a large number of other proteins [11, 12] . These studies suggest a potential role for these smooth muscle proteins in myoepithelial contraction; however, the role of individual contractile proteins, particularly ACTA2, was not determined, and the generation of contractile force was not evaluated.
To determine the role of ACTA2 in myoepithelial cell function in mammary tissue, we utilized Acta2 null (Acta2 À/À ) mice. Previous publications have described that while Acta2 À/À mice are viable and can reproduce successfully, they have defects in the generation of contractile force by vascular smooth muscle [16] and bladder smooth muscle [17] . In this study, we describe the effect of the lack of Acta2 expression on mammary myoepithelial cell function. Postpartum female mice homozygous for a null mutation in the Acta2 gene are unable to productively nurse their offspring. Mammary tissue and myoepithelial cells develop normally in pregnant Acta2 À/À mice and appear structurally normal; however, myoepithelial cells in Acta2 À/À mice contract significantly less in response to oxytocin than do myoepithelial cells in wild-type (WT) mice. These results demonstrate that Acta2 À/À dams have impaired myoepithelial cell contraction and milk ejection. We conclude that ACTA2 expression in mammary myoepithelial cells has the functional consequence of enhancing contractile force generation required for milk ejection.
MATERIALS AND METHODS

Animals
The Acta2
À/À mice used in this study were generated by inserting the Pol2NeobpA cassette into the þ1 start site of the Acta2 gene [16] . Acta2 À/À and WT mice were obtained from a breeding colony maintained at the University of Oklahoma Health Sciences Center. Animals were genotyped as previously described [17] .
The transgenic mice carrying the Acta2 promoter conjugated to green fluorescent protein (GFP), that is, Tg(Acta2:GFP), used in this study were generated by Dr. J.Y. Tsai [18] . These mice express GFP under the control of the Acta2 promoter. The regulatory sequence of Acta2 promoter contains À1074 bp of the 5 0 -flanking region, the transcription start site, 48 bp of exon 1, the 2.5 kb intron 1, and the 15 bp exon 2 of the mouse Acta2 gene [19] . GFP expression has been described in both vascular and nonvascular smooth muscle cells as well as meningeal cells [18, 20] . These mice were the generous gift of Dr. J.Y. Tsai (National Eye Institute, Bethesda, MD). Tg(Acta2:GFP) mice were obtained from a breeding colony maintained at the University of Oklahoma Health Sciences Center. All of the mice in this breeding colony were homozygous for the Acta2-GFP transgene. To produce Acta2 À/À /Tg(Acta2: GFP) mice, Acta2 À/À male and Acta2 þ/þ /Tg(Acta2:GFP) female mice were bred producing pups heterozygous for both Acta2 and Acta2:GFP. These heterozygous females were bred with Acta2 À/À males to produce experimental female Acta2 À/À /Tg(Acta2:GFP) mice. Genotypes were determined by immunofluorescence staining for ACTA2 and visualization of GFP as follows. Ear punches were obtained from pups generated from Acta2 þ/À /Tg(Acta2:GFP) 3 Acta2 À/À crosses at the time of weaning. Punches were fixed in 4% neutral buffered formalin, rinsed in phosphate buffered saline (PBS; 2.4 mM NaH 2 PO 4 *H 2 O, 7.1 mM Na 2 HPO 4 *7H 2 O, 154 mM NaCl, adjusted to pH 7.45), and dissected using fine forceps to expose the dermis and epidermis. Punches were placed in 1% Triton-X 100/PBS plus 0.05% Na azide (PBSazide) for 1 h at room temperature, washed three times for 5 min in PBS, blocked for 1 h with 10% goat serum in PBS, and stained overnight at 48C with anti-ACTA2 antibody directly conjugated to Cy3 (C6198; Sigma-Aldrich) diluted 1:400 in PBS. Punches were rinsed three times for 5 min, mounted on slides in 80% glycerin/20% PBS, and examined by fluorescence microscopy. The blood vessels in punches positive for GFP fluoresce green and vessels positive for ACTA2 fluoresce red. Blood vessels in Acta2 À/À /Tg(Acta2:GFP) mice will fluoresce green but not red.
To produce lactating female mice needed for the study, female mice approximately 6 wk of age of the appropriate genotype were caged with male mice and allowed to mate naturally. Females were observed daily and removed to individual cages when visibly pregnant to allow for delivery and nursing of pups.
All the experimental procedures involving animals were reviewed by the Institutional Animal Care and Use Committee of the University of Oklahoma Health Sciences Center, and animals were cared for in accordance with its guidelines under protocol 06-073.
Mammary Tissue Analysis
Lactating females were euthanized by CO 2 asphyxiation, and mammary tissue was immediately dissected and prepared for microscopic analysis as described below. Females were removed from the pups either 6 h before euthanasia or removed from actively nursing pups immediately prior to euthanasia.
For histological analysis, mammary tissue was dissected from euthanized female mice, placed in PBS, cut into 2 mm 3 pieces, fixed in 4% neutral buffered formalin overnight at 48C, embedded in paraffin, and sectioned at 4-lm intervals. After graded alcohol dehydration and two xylene-clearing stages, the sections were stained with conventional hematoxylin-eosin reagents.
For carmine alum-stained whole mount analysis, mammary tissue was dissected from euthanized female mice, rinsed in PBS, placed on ProbeOn Plus slides, and allowed to stand for several minutes. Tissue was fixed in Carnoy fixative (60% ethanol, 30% chloroform, 10% glacial acetic acid) for 16 h, rehydrated through graded ethanol, stained in carmine alum stain (0.2% carmine alum, 10.5 mM aluminum potassium sulfate) for 16 h, and dehydrated in graded ethanol. The slides were cleared for 4 h in xylene and mounted in permount under a glass cover slip. Whole mount tissues were examined using an Olympus MVX10 Research Macro Zoom System microscope.
For fluorescence whole mount analysis, mammary tissue was dissected from euthanized female mice, placed in PBS, cut into 2 mm 3 pieces, fixed in 4% neutral buffered formalin for 30 min, rinsed three times in PBS, and stored in PBS-azide until use. Tissue from Tg(Acta2:GFP) mice was further dissected into 1-3 2-mm pieces and mounted on slides in 80% glycerin/20% PBS-azide. For visualization of ACTA2, mammary tissue was opened with 1% Triton-X 100/PBS-azide for 1 h at room temperature, rinsed three times with PBS, blocked for 1 h with 10% goat serum in PBS-azide, and stained with anti-ACTA2 antibody directly conjugated to Cy3 (diluted 1:400 in PBS) for 24 h at 48C. For visualization of myoepithelial cells using rhodamine phalloidin, mammary tissue was treated with 1% Triton-X 100/PBS-azide for 18 h, rinsed three times with PBS, and stained with rhodamine phalloidin diluted 1:40 in PBS (R415; Invitrogen) for 24 h at 48C [21] . Whole mount tissues were examined by either wide-field fluorescence microscope using an Olympus AX 20 wide-field fluorescence microscope or by confocal microscope using an Olympus IX81-FV500 epifluorescence/confocal laser-scanning microscope with a UApo 20x water immersion lens and excitation with either 488-or 546-nm wavelength lasers.
In Vitro Mammary Tissue Contraction Assay
Day 2-3 postpartum lactating WT or Acta2 À/À dams were removed from nursing pups for 6 h and subsequently euthanized as described above. Mammary tissue was immediately removed, rinsed in contraction buffer (136 mM NaCl, 1.2 mM NaH 2 PO 4 , 1.2 mM MgSO 4 , 5 mM KCl, 1.7 mM CaCl 2 , 1.1 mM glucose, 0.03 mM Na 2 ethylenediaminetetraacetic acid, 10 mM Hepes, pH 7.4) and dissected into 1-mm 3 pieces [22] . Tissue pieces were incubated in contraction buffer for 10 min on a slide warmer at 378C. Oxytocin (0-3251; Sigma) was added to the dishes to give a final concentration of 0.005 nM, 0.05 nM, 0.5 nM, or 5nM. The tissue pieces were incubated in oxytocin for 2 min at 378C, immediately fixed, stained with rhodamine phalloidin, and mounted as described above. To quantify the contraction of myoepithelial cells, we developed a 1-5 scoring system, with 1 being no contraction and 5 being extreme contraction. Five tissue pieces exposed to each oxytocin concentration were analyzed from each of three WT and three Acta2 À/À females. Each tissue piece was mounted individually on a labeled slide. The labels were then covered, and the slides were randomly assigned letters; two independent observers scored the slides. The labels were then uncovered, and the scores tabulated and analyzed.
In Vivo Mammary Tissue Contraction Assay
Day-2 postpartum lactating WT or Acta2 À/À females were removed from nursing pups for 6 h. Females were injected i.p. with 0.1 IU oxytocin in 100 ll PBS for 15 min before euthanasia. Mammary tissue was removed and immediately fixed and stained with rhodamine phalloidin as described above.
RESULTS
Pups Suckling on Acta2
À/À Mothers Fail to Thrive
The phenotype of Acta2 À/À mice has been previously described [16] ; the Acta2 À/À mice have no gross anatomical defects and appear normal. Acta2 þ/À hemizygote intercrosses gave the expected Mendelian frequency of offsprings (1 Acta2
. No significant differences were observed in numbers of pups per litter born to intercrosses between Acta2 À/À females and males with a WT, hemizygous, or Acta2
À/À genotype. Thus, Acta2 À/À mice were fertile and did 14 not possess any inherent gestational or parturition defects. However, pups born to Acta2 À/À dams failed to thrive. These pups gained little weight from the time of birth; in contrast, pups born to hemizygous or WT dams gained weight normally and thrived (Fig. 1A) . Upon gross examination, it was observed that little if any milk could be seen in the stomach of Day-1 pups born to Acta2 À/À dams (not illustrated). Pups suckling on Acta2 À/À dams began dying several days after birth with greater than 50% dying by Day 5; usually all the pups in the litter were dead by Day 16 in contrast to pups born to hemizygous or WT dams (data not shown). Interestingly, pups that did survive the first several postpartum days with an Acta2 À/À dam gained weight but at a much slower rate than pups born to a hemizygous or WT dam (Fig. 1A) ; they were visibly stunted in their growth at Day 14 compared to pups suckling on WT dams (Fig. 1, C and D) .
Failure to thrive was not the result of poor mothering by Acta2 À/À dams. Acta2 À/À dams built nests for pups and would retrieve pups when they were removed from the nest. Dams could be observed allowing pups to nurse; in fact, the nipples of Acta2 À/À dams were noted to be inflamed several days postpartum, presumably due to the excess amount of time the pups spent suckling.
To determine whether the genotype of the dam was responsible for the failure to thrive, we cross-fostered pups between Acta2
À/À and WT mothers. Day-1 pups born to Acta2 À/À dams were placed with Day-1 postpartum WT dams, and Day-1 pups born to WT dams were placed with Day-1 postpartum Acta2
À/À dams. The WT pups placed with the Acta2 À/À dams grew significantly less than Acta2 À/À pups placed with WT dams and all died by Day 16, while pups placed with WT dams survived to weaning and adulthood (Fig.  1B ). These results demonstrate that the failure to thrive of the pups was independent of the pup's genotype but was related to the genotype of the mother. Interestingly, pups born to WT dams and placed with Acta2 À/À dams gained more weight than did pups that were born to and stayed with an Acta2 À/À dam. It was observed that pups removed from WT dams had milk in their stomachs, which may explain why these cross-fostered pups gained more weight. Together these results suggest that Acta2 À/À dams are unable to provide the nourishment required by suckling pups.
Milk Is Accumulated in Mammary Glands of Acta2
À/À Dams
To determine whether mammary glands of Acta2 À/À dams contained milk, we examined their gross appearance and histological structure. Gross dissection of mammary tissue of Acta2 À/À and hemizygous dams suckling pups for 2 days demonstrated the presence of milk in the mammary glands from dams of both genotypes (Supplemental Fig. S1 , available online at www.biolreprod.org). The overall abundance of the mammary tissue was similar, or even increased, in the Acta2 À/À dams compared with WT dams. The mammary tissue of Acta2 À/À dams appeared engorged compared to WT dams, which is indicative of the accumulation of milk, possibly due to insufficient milk ejection. To determine whether milk could be expressed from mammary glands of Acta2 À/À dams, Day-2 postpartum WT and Acta2 À/À dams had their pups removed for 6 h and then were injected i.p. with 0.1 IU oxytocin in 100 ll PBS. Light manipulation of the nipple in WT dams resulted in ejection of milk; in contrast, similar manipulation of the nipple of Acta2 À/À dams did not result in ejection of milk. Milk could be ejected from the nipple of Acta2 À/À dams by simultaneous manipulation of the mammary gland and nipple (not illustrated). These results are consistent with the hypothesis that mammary glands of Acta2 À/À dams contain milk; however, normal milk ejection does not occur.
Nonlactating and Lactating Mammary Gland Structure Is Similar in Acta2
À/À and WT Female Mice
No differences in mammary gland structure were observed in 4-and 9-wk-old virgin WT and Acta2 À/À mice examined by carmine alum-stained whole mounts and in 9-wk-old mice examined by hematoxylin-eosin-stained tissue sections. In carmine alum-stained whole mounts of abdominal No. 4 mammary glands of 4-and 9-wk-old mice, the branching 
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pattern and density of ducts appeared similar in both genotypes, and in the 4-wk-old mice, the formation of terminal end buds appeared similar (4-wk old, not illustrated; 9-wk old, Fig. 2, A-D) . Similarly, hematoxylin-eosin-stained sections from mammary tissue of 9-wk-old virgin mice, comparable to the carmine alum-stained whole mount mammary tissue, demonstrated no structural differences between WT and Acta2 À/À mammary gland tissue (Fig. 2, E and F) . Similarly, no major structural differences were observed in mammary gland tissue from postpartum WT and Acta2 À/À lactating females. Carmine alum-stained whole mounts of abdominal No. 4 mammary gland tissue from Day-1 postpartum WT and Acta2 À/À mice showed similar extensive development of the ductal network and formation of terminal alveoli (Fig. 3, A and B) ; however, the alveoli in Acta2 À/À mammary tissue appeared larger compared with WT mammary tissue (Fig. 3, C and D) . Hematoxylin and eosin-stained sections of postpartum Day-2 mammary tissue from WT and Acta2 À/À lactating dams, whose pups were actively nursing just prior to euthanasia, demonstrated well-developed secretory epithelium and alveoli in both genotypes (Fig. 3, E and F) ; however, the alveolar cavities appeared more distended and secretory epithelium appeared thinned in Acta2 À/À dams. These results suggest that mammary glands in Acta2 À/À females develop normally and undergo normal differentiation in response to pregnancy consistent with our observations that the lactating mammary glands in Acta2 À/À dams produce milk; however, the milk that is secreted into the alveoli may not be ejected normally in response to suckling.
Myoepithelial Cells Assume a Normal Structure and Organization in Mammary Glands of Postpartum Acta2 À/À Dams
Myoepithelial cells are proposed to be responsible for generating the force required for milk ejection in response to suckling [3] . The organization of these cells into a basketlike meshwork located at the basal region of mammary alveoli and the presence of the actin isoform ACTA2 are both believed to assist alveolar contraction responsible for milk ejection. It was not possible to examine the three-dimensional organization of myoepithelial cells in mammary tissue of postpartum Acta2 À/À mice using an anti-ACTA2 antibody; therefore, transgenic mice carrying the Acta2 promoter conjugated to GFP-that is, Tg (Acta2:GFP)-mice were mated with Acta2 À/À and WT mice, as described in Materials and Methods to obtain Acta2 þ/þ /Tg (Acta2:GFP) and Acta2 À/À /Tg(Acta2:GFP) female mice. To demonstrate that the Acta2-GFP transgene labeled mammary myoepithelial cells, lactating postpartum Day-2 Acta2 þ/þ /Tg (Acta2:GFP) mammary tissue was obtained and stained as a whole mount with anti-ACTA2 antibody and examined for colocalization of anti-ACTA2 antibody and GFP (Fig. 4A) . ACTA2 immunostaining and GFP were colocalized in myoepithelial cells near the surface of the mammary tissue in a Low-magnification images demonstrate that the branching pattern and density of ducts appear similar (A, B). Highmagnification images of similar regions in the glands demonstrate that the ducts appear similar (C, D). E, F) Hematoxylin and eosin-stained paraffin sections from virgin WT (E) and Acta2 À/À (F) females appear similar. Bars ¼ 2 mm (A, B) , 500 lm (C, D), and 100 lm (E, F).
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basketlike organization demonstrating that the Acta2-GFP transgene is expressed in these cells and can be used as a marker for myoepithelial cells. Myoepithelial cells deeper in the tissue did not demonstrate ACTA2 immunostaining, presumably due to lack of antibody penetration; however, these myoepithelial cells could be observed because of the expression of the Acta2-GFP transgene.
Myoepithelial cell organization and structure was compared in mammary tissue from Acta2 þ/þ /Tg(Acta2:GFP) and Acta2 À/À / Tg(Acta2:GFP) Day-2 postpartum dams in which pups were removed 6 h prior to euthanasia (Fig. 4 , B and C) or were suckling at the time of euthanasia (Fig. 4, D and E) . The number of myoepithelial cells and their basketlike organization appeared similar in Acta2 À/À /Tg(Acta2:GFP) and Acta2 þ/þ / Tg(Acta2:GFP) mammary tissue. The only noticeable difference was that the alveoli consistently appeared larger in mammary tissue from lactating Acta2 À/À dams compared with WT dams. This was most obvious in dams where the pups were actively suckling at the time of euthanasia (Fig. 4, D and E) , presumably due to the ability of WT alveoli to eject milk with suckling in contrast to Acta2 À/À alveoli. In addition, myoepithelial cells in these WT dams appeared thicker and more contracted than did the myoepithelial cells in Acta2 À/À dams (Fig. 4, D and E) . These results are consistent with the hypothesis that Acta2 À/À mammary tissue cannot undergo normal milk ejection despite a normal structural appearance and presence of myoepithelial cells, suggesting that Acta2 À/À myoepithelial cells are unable to generate sufficient contractile force to bring about milk ejection.
Myoepithelial Cells in Mammary Tissue of Postpartum Acta2 À/À Mice Contract Less in Response to Oxytocin Than Do Myoepithelial Cells in WT Mice
Previous studies have demonstrated that isolated mammary glandular tissue will contract in vitro in a dose-dependent manner in response to oxytocin [22] . Mammary glandular tissue from Day 2-3 postpartum WT and Acta2 À/À dams, in which pups were removed for 6 h, was isolated, incubated in increasing doses of oxytocin for 2 min, and fixed and stained with rhodamine phalloidin to visualize myoepithelial cells. Myoepithelial cells in WT tissue were observed to contract in response to oxytocin in a dose-dependent manner, dramatically reducing their size and the size of the alveoli they surround (Fig. 5, A, C, and E) . In contrast, while myoepithelial cells in Acta2 À/À tissue contracted in response to oxytocin, these cells contracted considerably less than myoepithelial cells in WT tissue, especially at the higher concentrations of oxytocin (Fig.  5, B, D, and F) . These observations were quantified using a contraction scoring system (Fig. 6) . Interestingly, Acta2 WT (A, B) . High-magnification images suggest that the glandular structure looks similar; however, the alveoli in Acta2 À/À appear larger compared with alveoli in WT mammary gland (C, D). E, F) Hematoxylin and eosin-stained paraffin sections from mammary glands of Day-2 WT (E) and Acta2 À/À (F) dams whose pups were actively nursing just prior to euthanasia. The general histological appearance of the mammary tissue from these two mice appears similar; however, the alveolar lumina are larger and the alveolar epithelial cells appear thinned in Acta2 À/À dams (F) compared with WT dams (E). High-magnification images of alveolar secretory epithelium of WT (E inset) and Acta2 À/À (F inset) dams illustrating differences between the two genotypes. Bars ¼ 2 mm (A, B), 500 lm (C, D), 100 lm (E, F), and 50 lm (insets).
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À/À myoepithelial cells can generate is significantly less than WT myoepithelial cells.
To determine whether myoepithelial cells in mammary glandular tissue in vivo respond similarly to oxytocin, Day-2 postpartum WT and Acta2 À/À dams were injected i.p. with 0.1 IU oxytocin in 100 ll PBS 6 h after removal of the pups. Fifteen minutes after the injection of oxytocin, mammary tissue was removed, immediately fixed, and stained with rhodamine phalloidin to visualize myoepithelial cells in mammary tissue as whole mounts. Similar to isolated mammary tissue incubated with oxytocin, i.p. injection of oxytocin resulted in a dramatic contraction of myoepithelial cells in WT mammary tissue along with a reduction in the size of the alveoli (Fig. 7A) ; in contrast, myoepithelial cells in Acta2 À/À tissue demonstrated only a slight contraction and reduction in alveolar size (Fig.  7B ). These results demonstrate that lack of ACTA2 results in a dramatic reduction in contraction of myoepithelial cells in response to oxytocin in both isolated mammary glands and in vivo, suggesting that decreased milk ejection observed in Acta2 À/À dams is the result of decreased contractile force generation in Acta2 À/À myoepithelial cells.
DISCUSSION
Mammary myoepithelial cells are specialized smooth musclelike epithelial cells that contract in response to oxytocin, generating the contractile force required for milk ejection during lactation [2, 3] . The results from this study demonstrate that ACTA2 contributes to the contractile function of these mammary myoepithelial cells. In this study, we demonstrate that Acta2
À/À dams are unable to productively nurse their À/À dams, in which pups were removed for 6 h, was isolated and exposed to increasing doses of oxytocin for 2 min, fixed, and stained with rhodamine phalloidin. A, B) Control tissue from WT dams (A) and Acta2 À/À dams (B) appears similar. C, D) Tissue exposed in vitro to 0.5 nM oxytocin for 2 min exhibited shorter myoepithelial cells and smaller lobules. This reduction is much more visible in WT (C) compared to Acta2 À/À (D) mammary tissue. E, F) WT tissue exposed to 5.0 nM oxytocin shows a dramatic shortening in myoepithelial cells and reduction in size of the lobules (E) compared to Acta2 À/À (F) mammary tissue. Bar ¼ 100 lm.
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offspring. This lactation defect does not appear to be a result of an underlying structural defect in the Acta2 À/À mammary glands as both virgin and lactating Acta2 À/À mammary gland tissue appear structurally similar to WT mammary tissue.
Acta2
À/À mammary myoepithelial cells do generate significantly less contractile force in response to oxytocin than do WT mammary myoepithelial cells. It should be emphasized that Acta2 À/À myoepithelial cells do contract in response to oxytocin; however, the overall contractile force that is generated is significantly less than in WT myoepithelial cells, suggesting that the level of force generated in Acta2 À/À myoepithelial cells is not sufficient to promote milk ejection and successful lactation. These findings demonstrate the importance of ACTA2 in myoepithelial cells for functional contraction in response to oxytocin required for milk ejection and successful lactation. In addition, these results demonstrate that Acta2 expression and complete myoepithelial cell contractile force generation are not necessary for myoepithelial cell and mammary gland development.
The noticeable difference between mammary tissue in Acta2 À/À and WT postnatal dams was the size of the alveoli lumen. Acta2 À/À alveoli were significantly larger than WT alveoli when observed both as whole mounts and by histology. Previous studies have demonstrated that reduced milk ejection results in increased alveoli size, either through sealing of the teat [23] , subcutaneous ligation of the teat ducts [24] , or by increasing the viscosity of the milk [25] . While it is possible that other factors, such as increased proliferation, could contribute to increased alveoli size, the increase in alveoli size we observe in Acta2 À/À mammary tissue of postnatal dams is consistent with reduced milk ejection as a result of decreased contractile function of the myoepithelial cells.
Previous studies have demonstrated the importance of ACTA2 expression in the contractile function of vascular smooth muscle cells [16] , bladder smooth muscle cells [17] , and myofibroblasts [7] [8] [9] [10] . Decreased contractile activity was observed in aortic vascular smooth muscle cells and bladder smooth muscle cells in Acta2 À/À mice [16, 17] ; however, for both cell types sufficient contractile force generation can occur to allow for survival of the Acta2 À/À mice. Myofibroblasts are specialized fibroblasts found in granulation tissue and tissue contractures and have acquired a smooth musclelike contractile phenotype, including the expression of ACTA2. Overexpression of Acta2 in fibroblasts results in increased force generation [8] , while a peptide homologous to the amino-terminal end of ACTA2 can compete with ACTA2 from stress fibers in myofibroblasts and result in decreased force generation [10] . Similarly, decreasing the expression of ACTA2 with anti-sense mRNA decreases myofibroblast contractile force generation [9] . Our findings of decreased contractile force generation in myoepithelial cells from Acta2 À/À mice are consistent with these results and suggest that expression of ACTA2 in myoepithelial cells has the functional consequence of increasing contractile force generation. It should be stressed that currently the mechanism by which expression of this specific muscle actin isoform can increase contractile force generation is unknown.
Myoepithelial cells lacking ACTA2 do generate some contractile force in response to oxytocin as evidenced by limited growth and survival of the pups and by some contraction in response to oxytocin in the assays. These results demonstrate that lack of ACTA2 does not totally alleviate myoepithelial cell contractile force generation; rather, loss of ACTA2 reduces the level of force generation below that needed for milk ejection in vivo. The extent of contraction of Acta2 À/À myoepithelial cells in the in vitro assay is much À/À dams (B) had their pups removed, and 6 h later received an i.p. injection of oxytocin. Fifteen minutes after the injections, mammary tissue was removed and fixed and stained with rhodamine phalloidin. Myoepithelial cells in WT mammary tissue contracted strongly with a concomitant reduction in alveoli in response to oxytocin (A). In contrast, myoepithelial cells in Acta2 À/À mammary tissue contracted dramatically less, and the alveoli were much larger (B). Bar ¼ 100 lm.
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greater than that observed in myoepithelial cells in Acta2 À/À mice in response to the i.p. injection of oxytocin. This could be the result of the much higher levels of oxytocin in the in vitro assay than the in vivo assay; however, myoepithelial cells in WT mice in the in vivo assay appeared to be fully contracted, which is similar to their appearance upon using higher levels of oxytocin in the in vitro assay. More likely, the isolation and dissection of the mammary tissue for the in vitro assay resulted in less resistance to myoepithelial cell contraction than was seen in vivo; therefore, a greater amount of contraction by Acta2 À/À myoepithelial cells is observed in the in vitro assay than would be expected in vivo.
In addition to expressing ACTA2, myoepithelial cells also express the b-and c-cytoplasmic actin isoforms. Fibroblasts that express only these two cytoplasmic actin isoforms can assemble these actin isoforms along with actin-binding proteins and myosin into contractile elements that are called stress fibers [7] . Based upon the strong phalloidin staining observed in Acta2 À/À myoepithelial cells, it is likely that these cytoplasmic actin isoforms can assemble into f-actin bundles with associated actin-binding proteins and myosin to form contractile elements; however, the level of contractile force generated is significantly less than in myoepithelial cells expressing ACTA2. Future studies using electron microscopy will be necessary to determine whether the structural organization of contractile elements is altered in myoepithelial cells upon the loss of ACTA2 expression. Vascular smooth muscle cells in Acta2 À/À mice appear to respond to the loss of ACTA2 expression by expressing the skeletal muscle a-actin isoform [16] , a muscle actin isoform not normally expressed in vascular smooth muscle cells. Whether other muscle actin isoforms are expressed in response to the loss of ACTA2 in mammary myoepithelial cells is unclear; however, even if other muscle actin isoforms are expressed, they cannot completely compensate functionally for the lack of ACTA2.
Two recent studies have demonstrated that Mkl1 null dams are unable to productively nurse their offspring [11, 12] . Due to the lack of MKL1, myoepithelial cells in Mkl1 null dams have reduced expression of ACTA2, smooth muscle myosin heavy chain, calponin, and tropomyosin 2. MKL2, another member of the MKL/myocardin transcription family, was found to be upregulated in myoepithelial cells from Mkl1 null mice and may be responsible for the low level of expression observed for these proteins. Interestingly, Acta2 À/À and Mkl1 null dams have different phenotypes with respect to their ability to maintain offspring. Pups born to Acta2 À/À dams show reduced weight gain starting from the time of birth; in contrast, pups born to Mkl1 null mice do not begin to show declined weight gain until between Days 4 and 7 [11, 12] . Consistent with ACTA2 expression being important for myoepithelial cell function, ACTA2 expression in myoepithelial cells from Mkl1 null dams is almost at the same level as that seen in myoepithelial cells in WT dams at Postpartum Day 1; however, expression of ACTA2 declines with increasing postpartum time [11] . It should be pointed out that in Mkl1 null dams the other smooth muscle cytoskeletal proteins regulated by MKL1 also show a similar pattern of decreased expression; therefore, decreased myoepithelial cell function in Mkl1 null mice cannot be demonstrated to be the result of the loss of expression of one specific smooth muscle cytoskeletal protein.
In the Mkl1 null mice, there is decreased expression of the smooth muscle contractile proteins expressed in myoepithelial cells, including ACTA2, smooth muscle myosin heavy chain, calponin, and tropomyosin 2 [11, 12] . In the Acta2 À/À myoepithelial cells, it is clear that ACTA2 expression is reduced; however, the effect this has upon expression of other smooth muscle contractile proteins is not known. MKL1 transcriptional activity is regulated by actin dynamics [26] . It is possible that the lack of ACTA2 expression and resulting reduction of contractile force generation alters the actin dynamics, increasing G-actin and thereby decreasing transcriptional activity of MKL1 and decreasing expression of other smooth muscle contractile proteins. However, no difference in stress fiber organization was observed in phalloidin-stained WT and Acta2 À/À myoepithelial cells. Future studies will need to focus on the effect lack of expression of ACTA2 has upon expression of other smooth muscle contractile proteins in myoepithelial cells.
The results from this study demonstrate that myoepithelial cell contraction is essential for milk ejection. In addition, they demonstrate that ACTA2 is necessary for myoepithelial cells to function normally and generate the contractile force required for milk ejection. These results suggest that there are functional differences between ACTA2 and the other actin isoforms; however, the molecular basis for these differences is not clear. Future studies should be able to identify the structural basis for ACTA2 function in myoepithelial cell contractile force generation.
